This paper proposes a one-dimensional (1D) refined formulation for the analysis of laminated composites which can model single fibers and related matrices, layers and multilayers. Models built by means of an arbitrary combination of these four components lead to a component-wise analysis. Different scales can be used in different portions of the structure and this leads to a global-local approach. In this work, computational models were developed in the framework of finite element approximations. The 1D FE formulation used has hierarchical features, that is, 3D stress/strain fields can be detected by increasing the order of the 1D model used. The Carrera Unified Formulation (CUF) was exploited to obtain advanced displacement-based theories where the order of the unknown variables over the cross-section is a free parameter of the formulation. Taylor-and Lagrange-type polynomials were used to interpolate the displacement field over the element cross-section. Lagrange polynomials permitted the use of only pure displacements as unknown variables. The related finite element led straightforwardly to the assembly of the stiffness matrices at the structural element interfaces (matrix-to-fiber, matrix-to-layer, layer-to-layer etc). Preliminary assessments with solid model results are proposed in this paper; various numerical examples were carried out on cross-ply symmetrical fiber-reinforced laminates [0/90/0] and a more complex composite C-shaped model. The examples show that the proposed models can analyze laminated structures by combining fibers, matrices, layers and multilayers and by referring to a unique structural finite element formulation.
Introduction
The use of composite materials for aerospace applications is greatly advantageous since composites have better specific properties than traditional metallic materials. A composite structure, for instance, can be some ten times stiffer and two times lighter than an aluminium one. This is the main reason leading to the design of 'full composite' structures for the most advanced aerospace vehicles. Despite this, there are still many key problems to be considered for a more rational use of composite materials such as fatigue and the characterization of failure mechanisms. A better understanding of these key problems in composite structure applications demands enhanced analysis capabilities in various fields. Among these, the present work proposes enhanced structural capabilities to detect accurate stress/strain fields in the matrix, fibers, layers and interfaces of composite layered structures with low computational costs.
Many techniques are available to compute accurate stress/ strain fields in the various components of a laminated structure (i.e. fibers, matrices and layers); these techniques are briefly discussed hereafter. The natural manner of refining the analysis of 1D and 2D components consists of using 3D solid finite elements. These elements can be employed to discretize single components (fibers and matrices) or to directly model the layer of a laminated structure; fibers and matrices can be modeled as independent elements or they can be homogenized to compute layer properties. Due to the limitations on the aspect ratio of 3D elements and to the high number of layers used in real applications, computational costs of a solid model can be prohibitive.
Classical theories which are known for traditional beam (1D) and plate/shell (2D) structures have been improved for application to laminates. There are many contributions based on different approaches: higher-order models (Kant and Manjunath, 1989; Kapania and Raciti, 1989) , zig-zag theories (Lekhnitskii, 1935; Ambartsumian, 1962; Reissner, 1984; Carrera, 2003) and layerwise (LW) approaches (Robbins and Reddy, 1993; Carrera, 1998; Carrera and Petrolo, 2012b) . So-called global-local approaches have also been developed by exploiting the superposition of Equivalent Single Layer models (ESL) and LW (Mourad et al., 2008) , or by using the Arlequin method to combine higher-and lower-order theories (Ben Dhia and Rateau, 2005; Biscani et al., 2011) .
Many studies on multiscale problems in composites have recently been conducted as in Mergheim (2009) ; one of the most important results is that ''processes that occur at a certain scale govern the behavior of the system across several (usually larger) scales'' (Lu and Kaxiras, 2005) . This result implies that the development of analysis capabilities involving many scale levels is necessary in order to properly understand multi-scale phenomena in composites. Various spatial and temporal multiscale methods for composite structures have recently been described by Fish (2011) including concurrent and information-passing schemes, block cycles and temporal homogenization approaches. Another excellent overview on multiscale simulations was made by Lu and Kaxiras (2005) . Other recent studies (Kwon, 2004; Fish, 2011; Lu and Kaxiras, 2005) have proposed the use of the molecular dynamic analysis at nano-scale level, Representative Volume Elements (RVE) at micro-scale level and structural elements (e.g. solids, beams, plates or shells) at macro-scale level. Various multiscale linear and non-linear techniques can be found in literature for different loading configurations, focused on the prediction of failure processes (Zhang and Zhang, 2010; Gonzalez and LLorca, 2006) . Multiscale approaches have been exploited to examine the failure behavior of fiber-reinforced laminates subjected to static loading conditions in Alfaro et al. (2011) . The 'Generalized Method of Cell' (GMC) developed by Paley and Aboudi (Aboudi, 1991; Paley and Aboudi, 1992; Aboudi, 1994) considers fiber and matrix subcells as periodic repeating unit cells or Representative Volume Elements. GMC was used by Pineda and Waas for the multiscale failure analysis of laminated composite panels subjected to blast loads ) and for the progressive damage and failure modeling of notched laminated fiber reinforced composites ). An accurate GMC description can be found in Arnold et al. (1999) . Two-and three-scale domain decompositions were used by Allix et al. (2011) for delamination analysis. A laminated composite structure was divided into two meso-constituents-substructures and interfaces-whose behavior was derived from the homogenization of micromodels. A two-level domain decomposition method was proposed by Ladeveze et al. (2001) as a computational strategy for the analysis of structures described up to micro-level. In this approach, the unknowns are split into a set of macroscopic quantities, related to the macro-scale, and a set of additive quantities related to the micro-scale. The LATIN method was used as the iterative strategy. This approach was tested on fiber-reinforced composite and honeycombs under the assumption of plane strains. Some applications on the damage micro-model of fiber-reinforced laminated composites were reported in Ladeveze and Nouy (2003) and Ladeveze et al. (2006) .
The most critical issues of many multiscale approaches proposed in literature are related to the high computational costs required (in some cases hundreds of million of degrees of freedom) and the need for material properties at nano-, micro-and macroscale. These aspects can affect the reliability and applicability of these approaches.
The method proposed in this paper is referred to as componentwise and it is based on higher-order 1D models. 'Component-wise' means that each typical component of a composite structures (i.e. layers, fibers and matrices) can be separately modeled by means of a unique formulation. Moreover, in a given model, different scale components can be used simultaneously, that is, homogenized laminates or laminae can be interfaced with fibers and matrices. This permits us to tune the model capabilities by (1) choosing in which portion of the structure a more detailed model has to be used; (2) setting the order of the structural model to be used. A description of the present model capabilities is provided in Fig. 1 where different components (layers, fibers and matrices) are assembled. Such a model could be seen as a 'global-local' model since it can be used either to create a global model by considering the full laminate or to obtain a local model to detect accurate strain/stress distributions in those parts of the structure which could be most likely affected by failure. In other words, the present modeling approach permits us to obtain progressively refined models up to the fiber and matrix dimensions.
The models adopted in this paper were derived through the Carrera Unified Formulation (CUF). In the framework of CUF, it is possible to model laminates, fibers and matrices using only 1D elements, with a significant reduction of DOFs involved. Laminate's inhomogeneity and anisotropy are accounted for by separately modeling each component at its own scale level. CUF 1D models have recently been developed (Carrera and Giunta, 2010; Carrera et al., 2011a) and two classes of models were proposed, the Taylor-expansion class (TE) and the Lagrange-expansion class (LE). TE models exploit N-order Taylor-like polynomials to define the displacement field above the cross-section with N as a free parameter of the formulation. Static (Carrera et al., 2010a,b; Carrera et al., 2012) and free-vibration analyses (Carrera et al., 2011b; Carrera et al., in press; Petrolo et al., in press) showed the strength of CUF 1D models in dealing with arbitrary geometries, thin-walled structures and local effects. Moreover, asymptotic-like analysis leading to reduced refined models was carried out by Carrera and Petrolo (2011) .
The LE class is based on Lagrange-like polynomials to discretize the cross-section displacement field. LE models have only pure displacement variables. Static analysis on isotropic (Carrera and Petrolo, 2012a ) and composite structures (Carrera and Petrolo, Different structural models were analyzed in this work, a single fiber-matrix cell, a cross-ply symmetric laminate [0/90/0] and a composite C-shaped beam. Results were evaluated in terms of displacement and stress distributions above the cross-section. This paper is a companion work by Carrera et al. (submitted for publication) where a comprehensive study of unit cell structures was performed and comparisons with solid models were provided. This paper in organized as it follows: a brief theoretical introduction to the present formulation is given in Section 2, numerical examples are carried out in Section 3 and main conclusions are drawn in Section 4.
CUF 1D formulation
The transposed displacement vector is defined as uðx; y; zÞ ¼ fu x u y u z g T ð1Þ where x, y, and z are orthonormal axes as shown in Fig. 2 
Linear strain-displacement relations are used, 
Constitutive laws are exploited to obtain stress components,
The components of C are the material coefficients whose explicit expressions are not reported here for the sake of brevity, they can be found in Reddy (2004) .
Hierarchical higher-order models, TE and LE classes
In the CUF framework, the displacement field is the expansion of generic functions,
where F s vary above the cross-section. u s is the displacement vector and M stands for the number of terms of the expansion. According to the Einstein notation, the repeated subscript, s, indicates summation. The choice of F s determines the class of 1D CUF model adopted. The Taylor Expansion class (TE) is based on Taylor-like polynomial expansions, x i z j , of the displacement field above the cross-section of the structure (i and j are positive integers). The generic Norder displacement components are then expressed by
The order N of the expansion is arbitrary and is set as an input of the analysis. A convergence study is usually needed to choose N for a given structural problem. For example, the second-order model, N = 2, has the following kinematic model:
The 1D model described by Eq. (8) has 18 generalized displacement variables; three constant, six linear, and nine parabolic terms. Classical beam theories, Euler-Bernoulli (EBBT) and Timoshenko (TBT), can be obtained as particular cases of the N = 1 model, as shown in Carrera et al. (2010a) . The Lagrange Expansion class (LE) exploits Lagrange polynomials to build 1D refined models. In this paper, two types of crosssection polynomial sets are adopted, nine-point elements, L9, and six-point elements, L6. These elements are shown in Figs. 4 and 5, respectively. The isoparametric formulation is exploited to deal with arbitrary shaped geometries. The L9 interpolation polynomials are given by Onate (2009)
where r and s range from À1 to +1 and where r s and s s are the natural coordinates of the interpolation points above the cross-section. The displacement field given by an L9 element is
where u x 1 ; . . . ; u z 9 are the displacement variables of the problem and represent the pure displacement components of each of the nine points of the L9 element. This means that LE models provide elements that have only pure displacement variables. L6 models are obtained in the same manner, the explicit expression of these polynomials are not reported here, they can be found in Onate (2009).
FE formulation and the fundamental nucleus
The FE approach was adopted to discretize the structure along the y-axis, this process was conducted via a classical finite element methodology based on the Principle of Virtual Displacements. The shape functions, N i , and the nodal displacement vector, q si , are used and the displacement vector becomes uðx; y; zÞ ¼ N i ðyÞF s ðx; zÞq si ; i ¼ 1; 2; . . . ; K ð11Þ K is the number of the nodes on the element. For the sake of brevity, the explicit forms of the shape functions, N i , are not reported here, they can be found in Bathe (1996) . Elements with 4 nodes (B4) were used in this paper, that is, a cubic approximation along the y axis was adopted.
The stiffness matrix is obtained via the Principle of Virtual Displacements,
L int stands for the strain energy and L ext is the work of the external loadings. d stands for the virtual variation. The virtual variation of the strain energy is given by
By introducing Eq. (3) in Eq. (14), it is possible to rewrite the virtual variation of L int as
where X is the cross-section domain. The variation of the internal work is then written by means of the CUF fundamental nucleus,
K ijss is the stiffness matrix in the form of the fundamental nucleus. The explicit forms of the 9 components of K ijss are not reported here, they can be found in Carrera and Petrolo (2012b) .
No assumptions on the approximation order have been done to obtain the fundamental nucleus. It is therefore possible to obtain refined 1D models without changing the formal expression of the nucleus components. This is the key-point of CUF which permits, with only nine FORTRAN statements, to implement any-order one-dimensional theories.
The work of the external forces, dL ext can be expressed as
where e F is the generic load and P si is the vector of the nodal forces.
The global stiffness loading and unknowns arrays can be indicated as e K; e F and q, respectively. The following linear algebraic system must be solved: The present modeling approach is described as Component-Wise because it allows us to model each typical component of a composite structure through the 1D CUF formulation. In a finite element framework, for instance, this means that layers, fibers and matrices are modeled by means of the same 1D finite element and therefore, with no need for ad hoc formulations for each component. In other words, the same K ijss is used for each component. Fig. 1 provides a description of a possible modeling approach. A four-layer plate is Fig. 10 . Geometry of the laminated plate. considered and, in top-to-bottom order, the components considered are the following: the first two layers, fibers and matrix of the third layer, the third fiber-matrix cell of the bottom layer and its remaining layer portions. Each component is considered with its own geometrical and material characteristics. In general it can be stated that the CW approach can model a single layer in the following ways:
1. As a layer (as the first two layers in Fig. 1 ). 2. As a fiber-matrix system (as the third layer in Fig. 1 ). 3. As a combination of layers and fiber-matrix cells (as the fourth layer in Fig. 1 ).
These three options can be easily extended to multiple layers as shown in Fig. 1 . Each domain (e.g. matrix, fibers, layers) is modeled by means of CUF 1D models, this means that the stiffness matrices of matrix, fibers, layers, etc. are formally identical and, thus, they can be directly assembled. Also, the material characteristics of each component can be separately assigned with no need for homogenization. A typical application of the component-wise method (CW) is based on the following analysis approach:
1. For a given composite structure, structural analysis is first conducted via classical methods (i.e. equivalent single layer or layer-wise). 2. The most critical zones of the structures are detected (e.g. those zones where stress values are critical). 3. The component-wise approach is then exploited for those critical portions in order to obtain more precise stress fields with acceptable increments of computational costs.
Independently of the choice of the components to model, both TE and LE can be used. Fig. 3 shows the matrices assembly adopted in this paper. In the case of TE, the number of unknown variables is given by the order of the 1D model adopted; if LE is adopted, the number of variables will also depend on the number of L-elements assembled.
Results
Numerical examples have been carried out on three different structural models. First, a single fiber-matrix cell was considered and a solid model adopted for comparison purposes. Then, a multilayered plate was considered by means of the different modeling approaches offered by the present formulation. Finally, a composite C-shaped beam was analyzed. In order to be able to provide comparisons between different CW models, the material properties of laminae were retrieved from those of the constituent fibers and matrices by means of the Rule of Mixtures.
Single and double cell analysis
This section deals with the preliminary analysis of structural units which can be considered as fiber-matrix cells. The aim of this analysis is to assess the simple structural layouts which will be exploited in subsequent sections for more complex and realistic structures.
First, a single cell unit was considered. A description of the cross-section of this model is given in Fig. 6 . The cell is square with b = 0.1 mm, d = 0.08 mm and L/b = 10 where L is the length of the structure. Isotropic materials were chosen for this preliminary assessment in order to provide straightforward comparisons with solid models. The Young modulus of the cylindrical component, E, is equal to 202.038 GPa and the Poisson ratio, m, is equal to 0.2128. The surrounding portion of the structure was also considered isotropic with E = 3.252 GPa and m ¼ 0:355. The structure was clamped at y = 0 while a vertical point load, F z ¼ À0:1 N, was applied at ½b=2; L; 0. Results were obtained by means of TE, LE and SOLID models. In the case of TE, a 40 B4 mesh along the y-axis was adopted and the effect of the order of the beam models was analyzed. The LE cross-section discretization is shown in Fig. 7 and, in this case, a 10 B4 mesh was used. Both discretizations were chosen on the basis of convergence analyses carried out in previous works. The SOLID model was implemented in ANSYS. Tables 1 and 2 present the results obtained in terms of transverse displacement ðu z Þ and axial and shear stress (r yy and r yz ). u z was evaluated at the loading point while r yy was evaluated at Point A ½b=2; L=2; d=2 and Point B ½b=2; L=2; 0:03, the shear stress r yz was evaluated at Point C ½0:01; L=2; d=2. The last column of the table shows the number of degrees of freedom (DOFs) of each model.
The second assessment was carried out on a double cell model. The cross-section of the model is shown in Fig. 8 and it is composed of two single cells which have the same material and geometrical characteristics of the cell analyzed previously (i.e. a = 0.2 mm and L/b = 10). Results were obtained by means of TE, LE and SOLID models. In the case of TE, a 40 B4 mesh along the y-axis was adopted. With LE, a 20 L9 + 16 L6 mesh above the cross-section (Fig. 9 ) and a 10 B4 mesh along the y-axis was used. The structure was clamped at y = 0 while two vertical point loads, F z ¼ À0:05 N, were applied at Point A ½a=4; L; b=2 and Point B ½3a=4; L; b=2. Results are given in terms of displacements and stress in Tables 3  and 4 . Displacements were evaluated at the loading points, the axial (r yy ) and shear ðr yz ) stresses were evaluated at Points E ½a=4; L=2; 0:04, F ½3a=4; L=2; 0:03 and C ½0:01; L=2; 0.
The analysis of the results suggests the following:
1. There is a general good agreement between the solution obtained through the proposed models and the SOLID model. 2. The beneficial effect of higher-order 1D models on the accuracy of the solution is evident both for displacements and stresses. As the order increases, that is, as the free parameter of CUF 1D models is increased, the 1D solution becomes closer and closer to the solid model. 3. From the convergence analysis on TE models, it is important to underline how the even higher-order terms are fundamental to detect transverse displacements and axial stresses, whereas the odd higher-order terms play a more significant role in the detection of shear stresses. Fig. 15 . Description of the modeling approaches for the C-shaped beam.
Table 7
Cross-section dimensions of the C-shaped cross-section. 4. As a general guideline, it can be stated that at least a fourthorder model, N ¼ 4, should be employed for this kind of structural problems. 5. As far as LE models are concerned, an appropriate distribution of L-elements is very effective in the detection of solid models solutions. A more detailed analysis of the effects of L-element distributions can be found in Carrera and Petrolo (2012a), 6. The computational costs of the 1D models proposed are very lower than those required for the SOLID model.
The preliminary assessments presented in this section proved the reliability of CUF 1D models for this kind of structural problems if compared to solid models. It is assumed that if CUF 1D models are able to detect accurate stress fields of unit cells standing alone, they will also be able to analyze unit cells embedded in more sophisticated structural configurations given that CUF 1D models are able to accurately analyze complex composite structures. Comprehensive comparisons campaigns between solids/shells and CUF 1D models have been conducted in previous works of the same authors including assessments on laminates and longerons (Carrera and Petrolo, 2012b) . Results from those assessments showed that CUF 1D models are able to deal with complex structural models with very high accuracy and low computational costs.
Cross-ply laminate
This section deals with to the structural analysis of a cantilevered laminated beams.
The geometry of this model is described in Fig. 10 . The length of the beam, L, is 40 mm, the height (h) and the width (b) 0.6 mm and 0.8 mm respectively. Fibers were modeled with a circular cross-section, with a diameter, d, of 0.2 mm. Four fibers per layer were considered. A point-load, F z , was applied at ½b=2; L; 0; F z ¼ À50 N. Fig. 11 shows the modeling approaches considered for this analysis. Both TE (N = 4) and LE were used for each model. In model 1, the three layers of the structure were used as the components of the CW approach. In model 2, the middle layer and the fibers and matrices of the top and bottom layers were considered as components. The components of model 3 are the top and middle layers and the bottom layer fibers and matrices. In model 4, only one single fiber-matrix cell was considered. Table 5 shows the transverse displacement of the loading point and the axial stress at the center point of the third fiber of the bottom layer. This fiber is a component in Models 2, 3 and 4. Shear stress values are reported in Table 6 at two different points, A (matrix) and B (fiber). The axial stress along the thickness direction is shown in Fig. 12 where TE and LE solutions are superimposed. Shear stress distributions above the clamped cross-section from LE models are given in Fig. 13 . Shear stress results are provided by means of LE models only, because LEs give higher accuracy for shear as seen in Carrera and Petrolo (2012b) .
The analysis of the results suggests the following: 1. Stress fields, computed in this paper by means of the constitutive laws, are significantly affected by the choice of modeling approach. Very different stress fields were detected depending on the choice of the components. This was due to the fact that homogenized material characteristics were used for layers whereas the characteristics of each component were adopted for fibers and matrices. These differences are particularly relevant for the matrix stress values. 2. The adoption of localized fiber-matrix components (restricted to a lamina in model 3 or to a fiber-matrix cell in model 4) allows us to use simpler models without considerably affecting the accuracy of the result if compared to more cumbersome models. This means that if an accurate stress field is needed around a given fiber, the use of fiber-matrix components can be limited to the fiber location. 3. Displacement values are less influenced than stress fields by the choice of the modeling approach. The peak value provided by TE in model 2 is most likely due to the detection of local effects caused by the point load. The detection of this effect is one of the enhanced capabilities provided by refined CUF models. This is a behavior known from previous CUF works (Carrera and Petrolo, 2012a). 4. No significative differences were observed between TE and LE results. However, as a general guideline, LE should be preferred to TE if shear stresses have to be computed.
Composite C-shaped beam
This section is devoted to the analysis of a more complex composite structure composed by laminates and soft cores. The aim of this assessment is to exploit the capabilities of the present 1D component-wise formulation to analyze typical aeronautical structural components such as spars or longerons. A cantilevered beam is considered and its cross-section geometry is shown in Fig. 14. The components of this structure are the following:
1. Two horizontal unidirectional (UD) top and bottom flanges. 2. A core made of foam. 3. Two À45/+45 vertical thin layers which coat the foam core.
Dimensions are given in Table 7 , the length-to-height ratio, L/h, is ten. Foam was considered isotropic with E = 50 MPa and m ¼ 0:25. Vertical layers are orthotropic with E L ¼ 40 GPa; E T ¼ 4 GPa, G = 1 GPa, m ¼ 0:25, the same Poisson and shear modulus values are used in all directions. UD flanges were modeled by means of four different configurations, as shown in Fig. 15 ; this figure also presents the cross-section discretization adopted in the LE models. In the first case (model 1), the components of the CW model are the UD flanges, the vertical thin layers and the soft core. model 2 and 3 have one fiber-matrix cell. Model 4 has all the top flange modeled with fiber-matrix cells. The single cell geometry is shown in Fig. 6 and its geometrical data are the following: d = b = 0.3 mm. The material characteristics of fibers, matrix and homogenized laminae are the same as those seen in the laminated beam section.
As first loading case, a unitary point load is applied at the bottom surface ½a=2; L; Àh=2 along the z-direction, F z = À1 N. Results were obtained by means of TE (N = 4) and LE models. Table 8 shows the transverse displacement of the loading point and Table 9 reports the axial stress in a point above the bottom flange at the clamped cross-section. Figs. 16-18 show the free-tip cross-section deformation, the free-tip transverse displacement distribution and stress distributions at the clamped cross-section, respectively. Stress distributions above the first fiber-matrix cell of the top flange are also given.
As second loading case, two opposite unitary point loads are applied at ½a; L; AEh=2 along the z-direction, F z ¼ AE1 N. In this case, only LE models were adopted since TE would require very high expansion orders to detect correct displacement fields as shown in Carrera and Petrolo (2012b) . Table 10 presents the transverse displacement of the top loading point. Fig. 19 shows the 3D deformed configuration of the structure.
The results obtained suggest the following:
1. As far as the first loading case is concerned, LE models provide larger transverse displacements. This is due to the fact that a fourth-order TE models is not always enough to deal with thin walled and/or open cross-sections.
2. The different modeling approaches provide similar displacement values in the first loading case, whereas more significant differences were observed in the second loading case. In particular, models 2 and 3 provided quite different values. This is most likely due to the local effect caused by the different fiber-matrix modeling. In model 2, the point where the displacement was evaluated is in a layer portion of the structure with homogenized material characteristics. In model 3, the same point is in the fiber-matrix portion where the fiber plays a significant role in the local mechanical behavior of the structure. 3. It is confirmed that stress fields can be significantly different if different component combinations are considered. 4. The present 1D formulation can detect accurate 3D displacement fields of thin walled structures under point loads.
Conclusions
Different structural problems are discussed in this paper, including fiber-matrix cells, laminated beams and composite Cshaped beams. Compact and thin-walled structures are considered under point loads and results are evaluated in terms of displacement and stress fields. Comparisons with solid models from commercial codes are provided. The component-wise approach (CW) was introduced. The results obtained suggest the following.
1. The proposed CW approach offers significant improvements in detecting the mechanical behavior of laminated structures in particular when stress fields around fiber and matrix cells have to be accurately computed. 2. If only layers are considered as components of a composite structure, very different stress fields can be detected if compared to those from a model which includes the real geometrical and material characteristics of fibers and matrices. 3. The present 1D formulation is extremely advantageous in terms of computational costs if compared to solid models. Moreover, a global-local approach can be implemented easily since the same stiffness matrix is adopted to model each component of the structure.
As a general guideline, the CW approach should be adopted in a global-to-local analysis scenario where results from globally refined models are exploited to evaluate the most critical areas of a given structure and where locally refined models are then employed to obtain accurate stress fields in those critical areas. CW should also be employed for failure and damage analysis in future investigations. It is important to underline that the present work deals with linear analysis. However, as far as failure and damage analyses are concerned, nonlinearities-both geometrical and material-can play fundamental roles. The extension of CUF 1D models and CW to nonlinearities should be one of the future tasks to be undertaken. Computational advantages from CUF 1D can be even more evident in a nonlinear scenario where iterative strategies are needed.
